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Summary

An investigation was conducted to determine the
low-speed flight dynamic behavior of a represen-
tative, advanced turboprop business/commuter air-
craft concept. The investigation was conducted us-
ing model free-flight tests in the Langley 30- by
60-Foot Tunnel. In support of the free-flight tests,
conventional static, dynamic, and free-to-roll
oscillation tests were performed.

The model free-flight test pilots commented that
for angles of attack below the stall, the baseline con-
figuration was stable and easy to fly. The pilots
found that the basic airframe had satisfactory damp-
ing about all three axes and was responsive to lon-
gitudinal and lateral-directional control inputs. At
the stall angle of attack the free-flight tests of the
baseline configuration were terminated because of an
abrupt wing drop and autorotative departure against
full corrective roll control. Conventional wind-tunnel
tests showed that the wing drop was due to an abrupt
asymmetric wing stall that produced a pronounced
rolling moment. ;

Additional free-flight tests of the configuration,
modified to include wing leading-edge devices, were
conducted. These modifications consisted of
outboard-wing leading-edge droops and outboard
Kriiger flaps. Tests of the modified configuration
showed a significant improvement in roll control and
a substantial increase in roll damping. Even at post-
stall angles of attack (i.e., an angle of attack a on the
order of 20°), the pilots indicated that the overall fly-
ing qualities were acceptable and no significant sta-
bility or control problems were evident for either the
longitudinal or lateral-directional axes. Free-flight
tests of the configuration with the modified leading
edges were terminated at o = 24° to 27° because of
a loss of pitch control. Static force tests showed a
consistent reduction in elevator effectiveness for an
angle of attack of 24°.

Model free-flight tests conducted to explore
engine-out trim and flight dynamics were limited
to the model configuration employing outboard-wing
leading-edge droops at an assumed approach angle of
attack of approximately 12°. Free-flight tests showed
that the model could not achieve yaw_ trim while
holding the angle of sideslip 3 at 0°; also, engine-
out yaw trim could only be achieved for sideslipped
conditions with 8 =~ 10° and with the rudder fully
deflected to 25°. In this trim condition the rudder
was fully deflected and there was insufficient rudder
available for directional control. The pilot noted that
although he could achieve engine-out roll trim, the in-
termittent or unsteady nature of the wing stall on the
side of the inoperative engine resulted in an abrupt

roll-off tendency that required an excessive pilot work
load to control.

Introduction

Previous studies have identified potentially signif-
icant improvements in transport-aircraft fuel econ-
omy that may result through the incorporation
of advanced turboprop propulsion systems. (See
ref. 1.) In addition, experimental studies have indi-
cated that both wing- and aft-fuselage-mounted ad-
vanced turboprop transport configurations are feasi-
ble. (See, for example, ref. 2.) The potential success
of the application of advanced turboprop concepts
to transport-category aircraft configurations has re-
sulted in an interest in the application of advanced
turboprop concepts to business/commuter aircraft.

A cooperative NASA/industry research effort
has been initiated to explore the low-speed perfor-
mance, static and dynamic stability and control,
and flying qualities characteristics of a represen-
tative twin-engine business/commuter aircraft con-
cept. The configuration incorporates single-rotation
pusher propellers that are pylon-mounted on the aft
fuselage. Reference 3 presents results of initial static
wind-tunnel tests of this representative aircraft con-
cept. The test data show that the configuration ex-
hibits satisfactory low-speed performance and stabil-
ity and control characteristics for angles of attack
a below the stall. However, the wind-tunnel results
indicate that the configuration exhibits undesirable
characteristics in the stall/poststall a range. Specif-
ically, the configuration exhibits an abrupt asym-
metric wing stall with correspondingly large rolling
and yawing moments and a simultaneous reduction
in aileron effectiveness. The propeller inflow appar-
ently improves the flow conditions over the inboard
portions of the wing and pylons and thereby provides
increased lift at poststall angles of attack. For condi-
tions with one engine out, the asymmetric loss of this
increased lift results in very large engine-out rolling
moments in the stall/poststall a range. Furthermore,
although the engine-out yawing moment is princi-
pally due to the thrust-related moment of the op-
erating engine, a reduction in vertical-tail/rudder ef-
fectiveness resulted in marginal engine-out yaw trim.

The investigation reported in reference 3 was lim-
ited to static tests and did not provide any informa-
tion relating to the dynamic behavior of the configu-
ration. Previous experience with aircraft exhibiting
stall characteristics similar to those of the present
configuration has shown the damping in roll to be
seriously degraded at the stall. Thus, if the present
baseline configuration were to inadvertently exceed
the stall angle of attack, the combination of asym-
metric wing stall, reduced aileron effectiveness, and



degraded roll damping would possibly result in a
sharp roll-off followed by an autorotation and depar-
ture from controlled flight.

The present investigation was conducted to deter-
mine the low-speed, poststall flight dynamic behavior
of the advanced turboprop business/commuter air-
craft configuration. The investigation consisted of
both conventional static and dynamic force and mo-
ment tests and wind-tunnel model free-flight tests.

Symbols

All longitudinal forces and moments are referred
to the wind-axis system, and all lateral-directional
forces and moments are referred to the body-axis
system. (See fig. 1.) The aircraft acrodynamic
moments are referred to a moment reference center
located longitudinally at 18.36 percent of the wing
mean aerodynamic chord. (Sec fig. 2(a).)

b wingspan, ft

Cp drag coefficient, Drag/q.cS
Cr lift coefficient, Lift/g0S

C; rolling-moment coefficient,

Rolling moment /g, Sb

AC incremental rolling-moment
coefficient
Cn pitching-moment cocfficient,

Pitching moment /g S¢

Ch yawing-moment coefficient,
Yawing moment /¢ Sb

ACy incremental yawing-moment
coefficient
Cy side-force coeflicient,

Side force/qsc S

ACy incremental side-force coefficient
¢ local wing chord, ft

c mean aerodynamic chord, ft

D propeller diameter, ft

g acceleration due to gravity

(1g = 32.174 ft/sec?)

Ix,Iy,Iz moment of inertia about X-, Y-, or
Z-axis, respectively

it horizontal tail incidence angle,
positive with trailing edge down,
deg

J propeller advance ratio, Vi /ND

La

éb)

roll-rate feedback gain,
deg 6,/deg/sec of p

pitch-rate feedback gain,
deg b, /deg/sec of q

yaw-rate fébdback gain, .
deg 6, /deg/sec of r

angle-of-attack feedback gain,
deg b¢/deg a

reduced-frequency parameter,
wh/2V,

lift per unit angle of attack per unit
momentum, (¢»S/mV)Cr,, per
second

aircraft mass, slugs
propeller rotational speed, rps

steady-state normal acceleration
change per unit change in angle of
attack for an incremental horizontal
tail deflection at constant airspeed,
g units/rad

roll rate, rad/sec

pitch rate, rad/sec

free-stream dynamic pressure, 1b/ ft2
Reynolds number based on ¢

yaw rate, rad/sec

wing reference area, ft?

= Model thrust/g..S

roll-mode time constant, ¢;/,/0.693
time, sec

time to double amplitude, sec

time to half-amplitude, sec
free-stream velocity, ft/sec

wing station, in.

body-axis system {sce fig. 1)
semispan location, ft

angle of attack, deg

angle of sideslip, deg

rate of change of sideslip, rad/sec

aileron deflection, (6, p + 84, 1)/2
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be elevator deflection, positive with
trailing edge down, deg

65 wing trailing-edge flap deflection,
positive with trailing edge down,
deg

Or rudder deflection, positive with
trailing edge left, deg

(DR Dutch roll damping ratio

Csp longitudinal short-period mode
damping ratio

o) roll angle about X body axis, deg

¢ rolling velocity about X body axis,

iy
—’ﬂ?—! deg
(=)

®o = ¢It=0

w angular velocity, rad/sec

WPR Dutch roll undamped natural
frequency, rad/sec

wsp longitudinal, short-period un-
damped natural frequency, rad/sec

Subscripts:

L left

R right

Stability derivatives:

aC, a ac

o, =% ¢, =% — 96,

8 F) b n,’j 9 b l5a «
Voo oo

Model and Tests

Model Description

The geometric characteristics of the baseline
configuration and subsequent configuration modi-
fications are depicted in figure 2. The model

was constructed such that the mass and geometric
properties were scaled to simulate a representative
business/commuter aircraft for the purpose of deter-
mining flight characteristics from free-flight tests in
the Langley 30- by 60-Foot Tunnel. Geometric and
mass characteristics of the model are shown in ta-
ble I. Because the intent of the investigation was to
explore the high-lift landing-approach condition, the
wing had the trailing-edge flaps deflected 35°. Model
control surface deflections were §; = 20° to —20°,
8 = 15° to —25°, and &6, = 20° to —20°. Horizon-
tal tail incidence angle i; could be varied from 2° to
—10° in order to provide an extended range of pitch
trim.

The model was powered with two 5-bladed pro-
peller systems that were driven by air turbines lo-
cated internal to the nacelles. (See figs. 2(c) and
2(d).) Propeller advance ratios J of 0.52 and 0.45
were selected to provide model thrust coefficients 7,
of 0.1 and 0.2 per engine, respectively.

Test

The free-flight test technique is illustrated in fig-
ure 3(a) and described in reference 4. In such tests
powered, instrumented dynamically scaled models
are flown by remote control in level flight up to
stall/departure to investigate stability and control
characteristics and to identify any tendencies of
the configuration to depart from controlled flight.
The free-flight control system incorporates high-
performance electropneumatic actuators, rate gyros,
accelerometers, o and 3 sensors, and also a mini-
computer to simulate the flight control system for
a given configuration. This system permits a rapid
evaluation of various control laws and/or an evalua-
tion of a range of levels of artificial stabilization and
control system gains. In each axis, pilot stick and
trim inputs may be combined with the stability aug-
mentation system (SAS) signals. The SAS is com-
prised of angular-rate feedbacks about each of the
three body axes. The rate damper signals used in
the control laws are provided by a three-axis gyro
package and can be independently switched on or
off about each axis. A diagram of the control laws
used for the present investigation is presented in fig-
ure 3(b). Typical free-flight test results are in the
form of pilot comments, movies, and time histories
of flight motions. A photograph showing the model
during free-flight tests is presented in figure 3(c).

Static force tests were conducted in the Langley
30- by 60-Foot and 12-Foot Low-Speed Tunnels at
nominal values of ¢, = 6 psf and 3 psf, respectively.
These values of dynamic pressure corresponded to
values of Rz of 0.50 x 105 and 0.38 x 108. For static
tests the angle of attack ranged from —8° to 28° with
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sideslip angles of £5°. A photograph showing the
model mounted for static tests in the Langley 30- by
60-Foot Tunnel is presented in figure 3(d).

Dynamic forced-oscillation tests were made about
the roll and yaw axes in the Langley 30- by 60-Foot
Tunnel. The forced-oscillation test technique is de-
scribed in reference 5. For forced-oscillation tests the
angle of attack ranged from —10° to 40°. Sketches
showing the model mounted for forced-oscillation
tests in roll and yaw are presented as figures 3(e) and
3(f), respectively. Corresponding photographs show-
ing the model mounted for forced-oscillation tests in
roll and yaw are presented as figures 3(g) and 3(h),
respectively. Data were obtained at an oscillation
reduced-frequency parameter k of 0.4 over an angu-
lar amplitude of £5°.

Free-to-roll tests were conducted with the model
in the Langley 12-Foot Low-Speed Tunnel. In the
free-to-roll tests the model was mounted on an ap-
paratus consisting of two concentric barrels attached
by ball bearing assemblies that allowed the model to
rotate freely about its roll axis. More information
about the free-to-roll test technique may be found in
reference 6.

Results and Discussion

The results and discussion are presented in accor-
dance with the following outline:

Figure
Longitudinal aerodynamic characteristics:

Reynolds number cffects and comparison

with previous data . . . . - |
Effect of power on longitudinal

aerodynamic characteristics . . . . . . . 5
Effect of power on clevator

effectiveness . . . .. ... b
Effect of wing Ieadmg-edge devxces . .79

Lateral-directional aerodynamic characteristics:
Effect of power on lateral-directional
stability and rudder

effectiveness . . . e (1A |
Effect of power on alleron

effectiveness . . . .. 12
Effect of power on lateral d1rect10nal

characteristics . . . .. .. .. 13
Effect of power on roll and

yaw damping . . . oo« .. . 14,15
Effect of wing leadmg-edge

devices . . . S 1)

Engine-out aerodynamic characteristics:

Engine-out forces and moments . . . . . 21,22
Engine-out trim characteristics . . . . . 23-26

Evaluation of flying qualities:

Predicted longitudinal flying

qualities . . . . .27
Evaluation of longltudmal ﬁymg qualmeb
Predicted lateral- dlrectlonal ,

flying qualities . . . . .. . . . 2830
Evaluation of lateral- dlrectlonal flying qualities
Evaluation of engine-out roll and yaw trim

Longitudinal Aerodynamic Characteristics

Reynolds number effects and comparison
with previous data. Figure 4 presents static longi-
tudinal data from the present tests for the complete
baseline configuration with 6; = 35°. These data

were obtained for a test Reynolds number of 0.5x 106.
Also presented in figure 4 are data from reference 3
(recomputed for a moment reference center consis-
tent with that of the present tests, i.e., 0.1836¢) for
values of test Reynolds numbers of 0.55 x 106 and
1.75 x 10%. It should be noted that for comparable
values of R, the data of the present tests are in good
agreement with those of reference 3.

The data of figure 4 show a marked sensitivity of
Rz. Although not presented herein, additional data
presented in reference 3 show that Reynolds number
effects are insignificant for Rz > 1.75 x 108, and
therefore the aerodynamic characteristics presented
for Rz = 1.75 x 10% are representative of those
for an assumed full-scale aircraft flight condition
corresponding to a value of Kz on the order of 5 x
106, It should be noted that although the data
of figure 4 show a marked sensitivity to Rz, the
fundamental nature of the data is independent of R;.
For example, data measured for both Rz = 0.5 x 106
and R; = 1.75 x 10% show that at the onset of stall,
there is an initial stable break in Cp, followed by
an abrupt stall (indicative of complete separation)
and subsequent pitch-up. Subsequent figures will
show comparisons (when availableg of data from the
present tests for Rz = 0.5 x 10° with data from
reference 3 for Rz = 1.75x 108, (Note that the data of
ref. 3 are recomputed for a moment reference center
consistent with the present tests.) In each case, such
comparisons show that the fundamental nature of the
data is independent of Rg.

Model free-flight tests are conducted at relatively
low speeds and, consequently, at relatively low values
of Rz. For the present investigation, the Rz of the
model free-flight tests is on the order of 0.5 x 106.
Previous experience with the model free-flight tech-
nique in the 30- by 60-Foot Tunnel and correlation
of such tests have shown that although Reynolds
number sensitive configurations may exhibit stall at
premature angles of attack, the stall/poststall flight

it v e rslr B 1 i 4w
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dynamic behavior is accurately portrayed. This re-
sult is further substantiated by the consistency of
the present data (measured for values of Rg corre-
sponding to those of the model free-flight tests, i.c.,
Rz =~ 0.5x 10%) with the data presented in reference 3
(measured for significantly higher values of Rg).

Effect of power on longitudinal aero-
dynamic characteristics. The data of figure 5
show that the configuration experiences an abrupt
stall followed by a pitch-up. The data further show
that power does not influence the angle of attack at
which stall occurs, and that prior to stall, power ef-
fects are limited to the vector components and the
line of action of the thrust force. For poststall angles
of attack, power produces a significant increase in
lift and a nose-down increment in pitching moment.
Visual observation of wool surface tufts showed that
the poststall power effects were attributable to the
propeller inflow providing improved flow conditions
on that portion of the inboard wing ahead of the
propeller disk, as well as on the nacelle and pylon
surfaces.

Effect of power on elevator effectiveness.
Elevator effectiveness is summarized in figure 6. As
can be seen for the unpowered condition, elevator
effectiveness is markedly reduced in the poststall
angle-of-attack range. This result is typical of “T”-
tail designs at poststall angles of attack because the
elevator operates in the stalled wake of the wing. The
increase in elevator effectiveness (due to power) in
the poststall a range is directly related to the pre-
viously mentioned improvement in the poststall flow
conditions on the inner wing, and also to subsequent
improvement in the empennage flow field.

Effect of wing leading-edge devices. Sub-
sequent discussions of the lateral-directional aero-
dynamic characteristics will show that the configu-
ration exhibits a pronounced rolling moment at the
stall angle of attack and 8 = 0°. This phenomenon is
typically found to be characteristic of configurations
with an abrupt stall pattern. The lateral-directional
aerodynamic data will further show that at the stall,
the configuration experiences a marked reduction in
both aileron effectiveness and roll damping. The

* combination of large rolling moments, loss of aileron

effectiveness, and reduced roll damping typically re-
sults in the stall being followed by a sharp roll-off and
subsequent uncontrolled autorotation and departure
from controlled flight.

In view of the preceding discussion, an outboard-
wing leading-edge droop was designed to delay sepa-
ration on the outer portion of the wing and thereby
reduce the severity of the asymmetric stall and pro-

vide reduced poststall rolling moments, improved
aileron cffectiveness, and increased roll damping. In
order to provide a figure of merit, two additional
leading-edge devices were designed and tested, and
these correspond to (1) a full-span Kriiger flap, and
(2) an outboard Kriiger flap. (See figs. 2(e) and 2(f},
respectively.)

Figures 7, 8, and 9 show the effects of the var-
ious wing leading-edge devices on the static longi-
tudinal aerodynamic characteristics of the configu-
ration. As might be expected, the full-span Kriiger
flap provides the most effective form of leading-edge
treatment for the poststall a range. However, sig-
nificant improvements in the static poststall longitu-
dinal aerodynamic characteristics are provided with
the outboard droop; furthermore, the effectiveness
of the outboard droop is comparable to that of the
outboard Kriiger flap. It should be noted that the
obvious advantage of such an outboard-wing leading-
edge droop is that it is designed for minimal effect
on cruise performance (see, for example, refs. 7-11)
and, unlike the Kriiger flap systems, would not re-
quire complex mechanisms to stow the device for
cruise conditions. Figures 7 and 8 show that the
wing leading-edge devices provided an improvement
in the poststall lift characteristics of both the un-
powered and powered (T/ = 0.2) configurations, and
that this improvement is achieved with only minimal
influence on pitching moment. '

Figure 9 shows the effect of both wing leading-
edge devices and power on elevator effectiveness. As
can be seen, outboard-wing leading-edge devices pro-
vide only relatively small improvements in poststall
clevator effectiveness. However, as noted in the dis-
cussion of figure 6, power is seen to provide sig-
nificant improvements in elevator effectiveness for
poststall angles of attack. Since the outboard-wing
leading-edge devices improve the stall characteristics
on the outer portion of the wing (whereas power im-
proves the stall characteristics on the inner portion
of the wing), the results presented in figure 9 are as
anticipated.

Lateral-Directional Aerodynamic
Characteristics

Effect of power on lateral-directional
stability and rudder effectiveness. Figures 10
and 11, respectively, present the effect of thrust
on static lateral-directional stability and on rudder
effectiveness of the complete baseline configuration.
The data show that for the unpowered condition, the
configuration experiences low values of positive effec-
tive dihedral (—C; 5). The data further show that for
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the unpowered condition, there is a marked reduc-
tion in directional stability and rudder effectiveness
for poststall angles of attack. The reduction in di-
rectional stability and rudder effectiveness is similar
to that previously discussed for the elevator cffec-
tiveness and results from the vertical tail and rud-
der being immersed in the stalled wake of the wing.
As noted with regard to clevator effectivencss, power
improves the wake flow field over the empennage sur-
faces for poststall conditions. This improvement in
the wake flow field results in improved directional
stability and rudder effectiveness as well as improved
elevator effectiveness. Tt should be noted that power
also results in a significant increase in positive effec-
tive dihedral (—C d)' This increase in effective dihe-

dral is related to the previously discussed improved
flow conditions on the inner wing and, consequently,
an improvement in the spanwise load distribution.

Effect of power on aileron effectiveness.
Figure 12 presents the effect of thrust on aileron
effectiveness for the complete baseline configuration.
As can be seen for poststall angles of attack, aileron
effectiveness is markedly reduced. The reduction
in poststall aileron cffectiveness is a result of flow
separation on the outboard portion of the wing.
Power is found to primarily influence the flow on
the inboard portion of the wing, and therefore it has
only a small influence on aileron effectiveness. (See
fig. 12.)

Effect of power on lateral-directional char-
acteristics. Figure 13 presents the variation of the
lateral-directional force and moment coefficients with
angle of attack at 3 = 0°. At the stall angle of at-
tack a pronounced rolling moment (in addition to
a smaller yawing moment), which is unaffected by
symmetric power, is observed. This phenomenon is
considered a result of an asymmetric wing stall and is
found to be a characteristic of wings having an abrupt
stall pattern. Depending on roll damping, the com-
bination of large rolling moments and loss of aileron
effectiveness at the stall may result in a sharp roll-
off followed by an autorotation and departure from
controlled fHight.

Effect of power on roll and yaw damp-
ing. Damping characteristics obtained from dynamic
forced-oscillation tests about the roll and yaw axes
are presented in figures 14 and 15, respectively. The
data of figure 14 show that at the stall, the roll damp-
ing is markedly degraded. This phenomenon is a
direct result of the previously mentioned flow sep-
aration on the outboard portion of the wing. For
conditions with T}, = 0.2, the roll damping is seen to
remain slightly stable at the stall, whereas for condi-
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tions with the propellers windmilling, the roll damp-
ing becomes unstable. This favorable effect of power
on roll damping is undoubtedly associated with the
propeller flow-field interactions on the inboard wing
panels and engine pylons.

Figure 15 shows that the configuration is well
damped in yaw and that thrust extends the range of
angle of attack for which the yaw damping remains
stable from —10° to a range of —10° to 40°.

Effect of wing leading-edge devices. The pre-
ceding results show that at the stall, the baseline con-
figuration experiences a pronounced rolling moment
at 8 = (° and a marked reduction in both aileron
effectiveness and roll damping. As noted previously,
an outboard-wing leading-edge droop (see figs. 2(e)
and 2(f)) was designed in'an attempt to improve the
flow on the outer portion of the wing and thereby im-
prove the aforementioned lateral-directional deficien-
cies. To provide a figure of merit, additional leading-
edge devices were designed and tested-—a full-span
Kriiger flap and an outboard Kriiger flap. (See
figs. 2(e) and 2(f), respectively.) Figures 16 through
20 show the effects of these various wing leading-
edge devices on the lateral-directional aerodynamic
characteristics.

Figure 16 and 17 present the effect of wing
leading-edge devices on the static lateral-directional
stability and rudder effectiveness, respectively, of
the complete configuration. The data show that
the outboard-wing leading-edge devices provide only
a relatively small improvement compared to power
which provides a significant improvement in poststall
directional stability and rudder effectiveness. The
phenomenon of reduced poststall directional stabil-
ity and rudder effectiveness has been discussed pre-
viously and is attributed to the vertical tail and rud-
der operatlng in the stalled wake of the wing. Since
outboard-wing leading-edge devices improve the stall
characteristics on the outer portion of the wing and
power improves the stall characteristics on the inner
portion of the wing, the effects of wing leading-edge
devices and power on poststall directional stability
and rudder cffectiveness are as anticipated.

Figure 18 presents the effect of wing leading-edge
devices on aileron effectiveness. As can be seen,
all the wing leading-edge devices were effective in
providing improved poststall aileron effectiveness. It
is, however, noteworthy that the outboard droop
provided results comparable to those of both the full-
and part-span Kriiger flaps. This result is, of course,
associated with the improvements in flow conditions
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over the outboard portion of the wing and, conse-
quently, the improvement in flow conditions over the
ailerons. As previously noted, power has little influ-
ence on aileron effectiveness.

The effect of wing leading-edge devices on lateral-
directional characteristics at 8 = 0° is presented
in figure 19. As previously noted, the large rolling
moment for the configuration with the clean leading
cdge is a result of asymmetric wing stall and is
a characteristic of configurations with an abrupt
stall pattern. Therefore, leading-cdge concepts that
reduce the abrupt nature of the wing stall (see figs. 7
and 8) would, as demonstrated in figure 19, be
expected to reduce the magnitude of the rolling
moment.

Figure 20 presents the effect of wing leading-edge
devices on roll damping. The results presented were
obtained using the free-to-roll technique described in
reference 6. An estimate of the relative roll-damping
characteristics for the modified wing leading-edge
configurations may be obtained using the approxima-
tion to the rolling-mode equation (ref. 12). Solution
of the approximate rolling-mode equation yields an
expression for the rolling velocity ¢:

3 ,
b eyt
X (1)

A comparison of the times required to achieve ap-
proximately cqual roll rates for the baseline and mod-
ified wing leading-edge configurations yields

‘b:é&oe

thaseline (2)

C L= C] .
lp,modlﬁod lp.hasc'lme tmodiﬁed

Values of roll damping for the baseline configura-
tion have been obtained using the forced-oscillation
technique and are presented in figure 14. There-
fore, using the data of figure 14 and observed val-
ues of the time required to achieve approximately
equal roll rates for the baseline and modified leading-
edge configurations (eq. (2)) yields estimates for the
roll damping of the configurations with the modified
leading edges. The results indicated that all wing
leading-edge devices tested produced about the same
level of improvement in roll damping. Because of the
uncertainties in the measurements, the results are
presented as a cross-hatched band and are compared
with the forced-oscillation result for the baseline con-
figuration in figure 20.

Engine-Out Aerodynamic Characteristics

Engine-out forces and moments. Figures 21
and 22 present the incremental rolling-moment,

yawing-moment, and side-force coeflicients for con-
ditions with the left-engine inoperative. Figure 21
presents the results for the baseline configuration
with the clean leading edge, and figure 22 presents
corresponding results for the configuration with the
various leading-edge devices tested. A consideration
of the data shows that the various leading-edge de-
vices had essentially no effect on the engine-out force
and moment coefficients.

An analysis of the data of figures 21 and 22 shows
that the engine-out yawing moment is approximately
the product of the thrust vector of the operative en-
gine and the lateral displacement of that engine from
the configuration centerline. The data of figures 21
and 22 also show that large engine-out rolling mo-
ments are produced in the direction of the inopera-
tive engine. As noted previously, flow visualization
has indicated that for poststall angles of attack, the
propeller slipstream provides improved flow condi-
tions over the inboard portion of the wing and pylon.
Thus, the engine-out rolling moments are attributed
to the loss of the favorable flow interaction and, con-
sequently, loss of lift on the inboard wing and pylon
on the side of the inoperative engine.

Engine-out trim characteristics. An analysis
of the data of figures 21 and 22 shows that the engine-
out yawing moment is approximately the product of
the thrust vector of the operative engine and the
lateral displacement of that engine from the moment
reference center. Therefore, the engine-out yawing
moment can be expressed as

)
AC, = ETé,oe (3)
where it is, of course, recognized that for steady-state
trim conditions,

T oe =ChD (4)

c,0e

where the subscript oe denotes the operative engine
and y denotes the semispan location. Therefore,
based on linear theory, AC, required to trim can
be represented as

ACy = ¥Cp = Cnyf+ Cry 8¢ + Cng, b0 (5)

Noting that Cp, is negligible (sec figs. 12 and
18), the rudder deflection required for trim may
be obtained from equation (5) and is given by the
relationship

o = __:__'— (6)

Figures 23 and 24 present the variation of rudder
deflection versus o required for left-engine-out yaw
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trim. The calculations are based on data from ref-
erence 3 (Rz = 2.0 x 105) and from the present test
data (Rz = 0.5 x 10%). If thc maximum value of
rudder deflection §, is increased from 420° to +25°,
the data show that for angles of attack at and below
the stall, engine-out yaw trim can be achieved with
sideslip angles on the order of only 8 = 5°. However,
for angles of attack above the stall, the data show
that even for 8, = £25°, enginc-out yaw trim can be
achieved only with large values of sideslip. For ex-
ample, consider the data of figure 23(a) which were
measured at Rz = 2.0 x 10%. For a = 15° and the
rudder fully against the engine-out yawing moment
(6r = —25°), a sideslip angle of approximately 15° is
required for yaw trim with the left engine out. Such
values of sideslip may be impractical, and further-
more they are probably outside the range for which
the linear theory of the present analysis is valid. The
large value of sideslip required to achieve engine-out
yaw trim for poststall angles of attack is due to the
abrupt nature of the stall resulting in high drag and,
hence, a high level of thrust-related yawing moment
required to be trimmed.

The preceding analysis is based on linear theory,
and the results presented are based on values of di-
rectional stability obtained over a limited sideslip
range (i.c., § = +5°); however, data obtained from
engine-out flight tests, which will be discussed sub-
sequently, agree quite well with the results presented
in figure 24.

The rolling moment required for engine-out roll
trim can be represented, based on linear theory, by
the expression

AC) = Clﬁ;@ + Clba 0q + Clgrér (7)

Substituting equation (6) for é. into equation (7)
yields

Ci, Cn o
AC = (c,},, ~ —é,nl) B+ ( & gCD) +Ciy b
by .
(®)

Upon substituting numerical values into equation (8)
it is found that the term Clér (Cnﬁ /Cnér) is small
in comparison with C; 4 and, thus, equation (8) can

be simplified. Solving the simplified equation for &,
yields i

G 1
8o = (ACI - CpyB - C:’ %CD) c (9)
Oy a

Figures 25 and 26 present the variation of 8, required
to provide roll trim for the left-engine-out condition.

8

The calculations are based on the data from refer-
ence 3 for Rz = 2.0x 10% and on the present test data
for Rz = 0.5 x 10%. It should be noted that the pre-
ceding analysis was not intended to consider the in-
cremental rolling moments resulting from asymmet-
ric wing stall, but rather it was intended to consider
only the incremental rolling moment associated with
engine-out conditions.

The results of the preceding analysis indicate that
for the lower angles of attack (i.c., those values of
a for which engine-out yaw trim can be achieved),
engine-out roll trim can also be achieved through a
combination of relatively small values of aileron de-
flection and sideslip. Furthermore, even for poststall
angles of attack, engine-out roll trim can be easily
achieved. The improvement in poststall aileron effec-
tiveness afforded by the outboard-wing leading-edge
droops (see fig. 18) results in reduced values of aileron
deflection necessary for left-engine-out roll trim (see
fig. 26).

Evaluation of Flying Qualities

Predicted longitudinal flying qualities. Fig-
ure 27 presents two widely used longitudinal fly-
ing qualities criteria. Estimated values of wsp, N/,
Lo /wsp, and sp are presented for an assumed full-
scale business/commuter aircraft operating at several
lift coefficients. These estimated values are based
on the following: (1) the static aerodynamic data
of present test configurations, (2) the estimated val-
ues of pitch damping based on the configuration tail
geometry, and (3} the full-scale mass and inertias
obtained using model free-flight values and the dy-
namic scaling relationships presented in reference 4.
(It is assumed that the present model scale is 0.175.)
These estimated values are assumed for lift coeffi-
cients C'r, of 0.5, 1.0, and 2.0. The highest value of
Cy, considered (i.e., Cy, = 2.0) was selected assuming
a linear variation of C}, versus o.

Figure 27(a) shows the short-period frequency re-
quirement of reference 13, and figure 27(b) shows the
Shomber-Gertsen longitudinal flying qualities crite-
rion of reference 14. As can be seen (based on the
criteria of refs. 13 and 14), the assumed, full-scale ad-
vanced turboprop business/commuter concept with
symmetric power is expected to exhibit satisfactory
longitudinal flying qualities.

Evaluation of longitudinal flying qualities.
Model free-flight tests were conducted in the Langley
30- by 60-Foot Tunnel (see fig. 3(a)) to evaluate lon-
gitudinal and lateral-directional flying qualities (for
lg level flight) up to stall-departure. Typically dur-
ing such tests, representative aircraft control systems
are also modeled via a flight control computer. As
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noted previously, this system permits rapid evalua-
tion of various control laws and/or evaluation of a
range of levels of artificial stabilization and control
system gains. For the present investigation, artificial
stability was available for the longitudinal axis in the
form of angle-of-attack and pitch-rate feedback. Ar-
tificial stability, in the form of sideslip and roll- and
yaw-rate feedback, was also available for the lateral-
directional axis. (See fig. 3(b).)

During the present investigation the longitudinal
pilots evaluated various levels of artificial stability;
however, they found that the basic airframe had
satisfactory damping in pitch and was responsive to
longitudinal control input. The longitudinal pilots
commented that for angles of attack below the stall,
the baseline configuration was easy to fly. The
pilots stated that the basic configuration exhibited
satisfactory longitudinal flying qualities and did not
require any form of artificial stability. This result is
in good agreement with the predicted results based
on the flying qualities criteria presented in figure 27.

Free-flight tests of the baseline configuration were
limited to angles of attack below the stall. At
the stall angle of attack the free-flight tests of the
baseline configuration were terminated because of
an abrupt wing drop and autorotative departure
which the lateral-directional pilot was unable to con-
trol. This phenomenon will be discussed in a subse-
quent section relating to the lateral-directional flying
qualities.

Free-flight tests were also conducted for the con-
figuration incorporating the outboard-wing leading-
edge droop and the outboard Kriiger flap. (See
figs. 2(e) and 2(f).) In these studies wool tufts were
attached to the wing to provide an assessment of
wing-surface flow conditions. Free-flight tests of the
configuration with either the outboard-wing leading-
edge droop or the outboard Kriiger flap showed simi-
lar results. Specifically, free-flight tests of the config-
uration with either of the modified outboard leading
edges showed that for a = 10°, the model flew quite
well and the flow over the wing surface was well at-
tached. Upon increasing the angle of attack to ap-
proximately 16°, wool surface tufts showed evidence
of intermittent stall over the inboard portion of the
wing. However, the longitudinal pilots reported that
the pitch damping and longitudinal control were only
slightly degraded, and the longitudinal flying quali-
ties remained satisfactory with no stability or control
problems evident. Upon further increasing the an-
gle of attack to approximately 20°, the wool surface
tufts indicated that the inboard portion of the wing,
including that portion of the wing directly ahead of
the propeller disk, was stalled while the outer wing
panels were experiencing spanwise flow. The longitu-

dinal pilots reported a reduced level of longitudinal
stability and an increased pilot work load; however,
they felt that the overall longitudinal flying qualities
were acceptable.

The flight angle of attack was gradually increased
from approximately 20° to an upper range of approx-
imately 24° to 27°. The longitudinal pilots reported
that the model was becoming increasingly unstable
and that the model required a great deal of effort to
fly. The pilots reported that the control effectiveness
was reduced and that the pitch damping was signifi-
cantly degraded. The model flights were terminated
at a =~ 24° to 27° because of a loss of pitch con-
trol. As noted previously, flight tests of the config-
uration with either the outboard-wing leading-edge
droop or the outboard Kriiger flap showed similar re-
sults. However, the longitudinal pilots noted slightly
better flying qualities at the higher angles of attack
with the outboard Kriiger flap.

The preceding results are found to be in good
qualitative agreement with the variation of Cp, ver-
sus o (fig. 8) and the elevator control effectivencss
(fig. 9). The data of figures 8 and 9 show a nonlinear
increase in Cy, and a marked reduction in C’,n6C for
angles of attack on the order of 24°.

Predicted lateral-directional flying quali-
ties. Figures 28, 29, and 30 present dynamic lateral-
directional stability requirements having application
to the present class of configuration in the approach
flight phase. (See ref. 13.) Also presented in the
figures are predicted results for the present config-
urations based on the following: (1) analysis of the
static and dynamic aerodynamic data of the present
test, and (2) full-scale mass and inertias obtained us-
ing model free-flight values and the dynamic scaling
relationships presented in reference 4. (The present
model scale is assumed to be 0.175.)

Figure 28 presents the Dutch roll stability re-
quirement in terms of the damping and natural fre-
quency of the Dutch roll mode. As can be seen, prior
to the stall the baseline configuration meets level 1
Cooper-Harper flying qualities requirements. How-
ever, for poststall conditions the reduction in roll
damping results in an unstable Dutch roll mode, and
therefore the configuration flying qualities are consid-
ered unacceptable. This result correlates well with
the free-flight tests which, for the baseline configu-
ration, were terminated at the stall angle of attack
due to an abrupt wing drop and autorotative depar-
ture against full corrective controls. Results for the
configuration with modified outboard-wing leading
edges (and, consequently, improved roll damping, see
fig. 20) show that even for relatively high angles of
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attack (i.e., o = 22° with Cy, = 2.0), adequate Dutch
roll flying qualities are achieved.

Figure 29 presents the spiral-stability require-
ments in terms of the time to double (half) the spiral-
mode amplitude. The results show that the base-
line configuration will satisfy level 1 spiral-stability
flying qualities requirements. Results are also pre-
sented for the configuration with modified wing lead-
ing edges operating at o = 22° with C; = 2.0. As
can be scen, the spiral mode becomes increasingly
stable, apparently because of the increase in effective
dihedral (—Cj,) and the reduction in roll due to yaw
(Cl,)-

Roll-flying mode qualities requirements, based on
the roll-mode time constant, are presented in fig-
ure 30. The results show that prior to stall, the
baseline configuration satisfies level 1 criteria. For
angles of attack above the stall (corresponding to
conditions with reduced roll damping), the baseline
configuration is found to satisfy level 3 requirements
and is fairly close to satisfying the requirement for
level 2. As might be expected, based on the improved
roll damping afforded by wing leading-edge devices,
the modified configuration is found to exhibit satis-
factory values for the roll-mode time constant. For
example, figure 30 shows that for the configuration
with modified wing leading edges at o = 22°, the
roll-mode time constant is close to satisfying level 1
Cooper-Harper criteria.

Evaluation of lateral-directional flying
qualities. For angles of attack below the stall, the
lateral-dircctional pilots stated that the baseline con-
figuration exhibited satisfactory flying qualities. The
pilots remarked that the configuration had good roll
and yaw control and sufficient roll and yaw damping
without any form of artificial stabilization. Model
free-flight tests conducted with artificial roll and yaw
damping via rate feedbacks to the aileron and rudder
(see fig. 3(b)) proved such concepts unnecessary.

As noted previously, the model free-flight tests
of the baseline configuration were terminated at the
stall angle of attack because of an abrupt wing drop
and autorotative departure against full corrective
controls. The wing drop is a result of an asymmetric
rolling moment that occurs at the stall angle of at-
tack. (See fig. 13.) This asymmetric rolling moment
is a characteristic associated with wings that exhibit
an abrupt stall. (Sce fig. 5.) The autorotative ten-
dency is a result of reduced roll damping (see fig. 14),
and the ineffectiveness of corrective controls is a re-
sult of reduced aileron effectiveness (see fig. 12).

“For the configuration with either the outboard-
wing leading-edge droop or the outboard Kriiger flap,
the lateral-directional pilots remarked that the model
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was fairly easy to fly up to the highest angle of attack
considered (i.e., & = 24° to 27°). The pilots stated
that the configuration having modified outboard
leading edges had good inherent lateral-directional
stability and satisfactory lateral-directional control.
The pilots reported, however, that the configuration
with the outboard Kriiger flap had improved roll
damping and roll control, relative to the configura-
tion with the outhoard droops.

As noted in a previous section of this report, for
the configurations with modified outboard-wing lead-
ing edges, the inboard portion of the wing showed
evidence of intermittent stall for o = 16°. Upon
increasing the free-flight angle of attack to approxi-
mately 20°, the inboard portion of the wing stalled
and the outboard wing panels developed a spanwise
flow. Furthermore, the spanwise flow on the out-
board wing panels was found to increase as the angle
of attack increased from approximately 20° to 27°.
Although the outboard wing panels were experienc-
ing full spanwise flow, the force test data indicate
that the outboard wing panel remains effective. For
example, the lateral stability derivative Clﬁ contin-

ues to increase with increasing a (see fig. 16), and
the aileron remains effective for producing roll con-
trol (see fig. 18) up to the highest test angle of attack
considered (i.e., & = 28°). These results are in good
agreement with the model free-flight test results.
Force test results for the directional stability and
control characteristics are also found to be in good
qualitative agreement with the model free-flight test
results. For example, the directional stability deriva-
tive Cn; shows that the configuration maintains

directional stability (see fig. 16), and the rudder
effectiveness derivative C”ér shows that the rud-
der remains effective for producing yaw control (see
fig. 17) up to the highest angle of attack considered
(i.e., & = 28°). It should be noted that directional
stability and rudder effectiveness are somewhat influ-
enced by thrust. {See figs. 16 and 17, respectively.)
However, for the symmetric model free-flight tests,
the thrust coefficient was typically in excess of the
T; = 0.2 value for which the static force tests were
conducted, and therefore the static test data are gen-
erally representative of the stability characteristics
for the free-flight test condition.

Evaluation of engine-out roll and yaw trim.
Model free-flight tests were conducted to explore
engine-out flight conditions. Tests were limited to the
model configuration employing the outboard-wing
leading-edge droop at an assumed approach angle of
attack of approximately 12°.

Free-flight tests showed that the model could
not achieve yaw trim while holding 8 = 0°. The



lateral-directional pilot was able to achieve engine-
out yaw trim for only a combination of sideslipped
conditions (corresponding to a “crabbed approach”)
with 8 = 10° and with the maximum rudder deflec-
tion increased from 20° to 25°. In this trim condi-
tion the rudder was fully deflected and the lateral-
directional pilot reported that there was insufficient
rudder available for directional control. The pilot
further noted that although he could achieve engine-
out roll trim, the intermittent or unsteady nature of
the wing stall on the side of the inoperative engine
resulted in an abrupt roll-off tendency that required
an excessive pilot work load to control.

As a matter of research interest, an extension
was added to the rudder that increased the rudder
chord and consequently increased the rudder area by
approximately 65 percent. The increase in rudder
chord was sufficient to position the rudder, when
deflected, in the propeller slipstream. For these
conditions, the pilot reported that the directional
control was significantly improved; however, he still
experienced an excessive work load because of the
intermittent or unsteady stall (and subsequent wing
drop) of the wing on the side of the inoperative
engine.

The foregoing model free-flight test results are in
good qualitative agreement with the results of analy-
sis as presented in figures 24 and 26, which are based
on a linear analysis of the static force test data. It
should be further noted that the intermittent or un-
steady nature of the stall is not reflected by the static
data that serve as input for the analysis. Therefore,
the analytical results presented provide an optimistic
assessment of the engine-out trim condition.

Summary of Results

An investigation was conducted to determine the
low-speed flight dynamic behavior of a represen-
tative, advanced turboprop business/commuter air-
craft concept. The investigation was conducted us-
ing model free-flight tests in the Langley 30- by
60-Foot Tunnel. In support of the free-flight tests,
conventional static, dynamic, and free-to-roll oscilla-
tion tests were performed. The results of this inves-
tigation are summarized as follows:

1. The model free-flight test pilots commented
that for angles of attack below the stall, the base-
line configuration was stable and easy to fly. The
pilots found that the basic airframe had satisfactory
damping about all three axes and was responsive to
longitudinal and lateral-directional control inputs.

2. At the stall angle of attack the free-flight tests
of the baseline configuration were terminated because
of an abrupt wing drop and autorotative departure

against full corrective roll control. Conventional
wind-tunnel tests showed that the wing drop was duc
to an abrupt asymmetric wing stall that produced a
pronounced rolling moment.

3. Free-flight tests of the configuration with mod-
ified leading edges (either outboard-wing leading-
edge droops or outboard Kriiger flaps) showed a sig-
nificant improvement in roll control and a substantial
increase in roll damping. For an angle of attack « on
the order of 20°, the pilots indicated that the over-
all flying qualities were acceptable and no significant
stability or control problems were evident for either
the longitudinal or lateral-directional axes.

4. Free-flight tests of the configuration with the
modified leading edges were terminated at o = 24°
to 27° because of a loss of pitch control. Static
force tests showed a consistent reduction in elevator
effectiveness for an angle of attack of 24°.

5. Model free-flight tests conducted to explore
engine-out trim and flight dynamics were limited
to the model configuration employing outboard-wing
leading-edge droops at an assumed approach angle of
attack of approximately 12°. Free-flight tests showed
that the model could not achieve yaw trim while
holding the angle of sideslip # at 0°; also, engine-
out yaw trim could only be achieved for sideslipped
conditions with 3 ~ 10° and with the rudder fully
deflected to 25°. In this trim condition the rudder
was fully deflected and there was insufficient rudder
available for directional control. The pilot further
noted that although he could achieve engine-out roll
trim, the intermittent or unsteady nature of the wing
stall on the side of the inoperative engine resulted in
an abrupt roll-off tendency that required an excessive
pilot work load to control.

NASA Langley Research Center
Hampton, VA 23665-5225
March 2, 1990
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Table I. Geometric and Mass Characteristics of Model

(a) Geometric characteristics

Fuselage:
Body station of fuselage nose, in. . . . . . . . o . .o o e e e e
Length, f6 . . . .« o o o e e e e e e e e
Maximum diameter, IN. . .« - .« . . o . e e . e e s e e e e e

Wing:
Area (trapezoidal reference), T R
SPAIL f . o . . e v e e e e e e e e e e e e e e e e e n e s
Quarter-chord sweep, deg . . . . . . . . . o0 e s oo e w e s e e e s e
ASPECt TAtIO . . o . . e . e e e e e e e e e e e e e e e e e
Taper ratio (trapezoidal reference) . . . . . . . ..o oo e e oo e
Mean aerodynamic chord, in. . . . . . o . . L. . .o e e e e e e
Dihedral, deg . . .« « ¢ ¢ o e e e e e e e e e e e e e e e e e e e
Root incidence,deg . . . . . . . . . . - - T R R
Body station of wing leading edge at root, in. . . . . . . ... ..o e e e e
Body station of moment reference center,in. . . . . . . ..o c e e e e s e e e e
Side-of-body airfoil chord, im. . . . . . .« . oL e e e e
Leading-edge-break airfoil chord, in. . . . . . . . . .o e e
Tipairfoill chord, in. . . .+« « . . o . . e e e e e

Horizontal tail:
Aren, 12 . . . . . i e e e e e e e e e e e e e e e e e e e

SPAI Tt . . v v v v e e e e e e e e e e e e e e e
ASPECtTAtio . .« - « « . o e e e e e e e e e e e e e e s m e e s s e e e
Quarter-chord sweep, deg  « « -« « + .+ e o s e soe e oe e e ee s en s s s e
Dihedral, deg . « - « = « « « o v e e s e e e e e e e e e s e s
TAPEr FAtO . « . « o o o e e e e e e e e e e e esooeenexs e en e e
Mean geometric chord, in. . . . . . . o o o oo ..o e e e e e e
Body station of tail leading edge at root, in. . . . . . . ..o .. oo e e e e
Root airfoil chord, In. . . . .« . v« v v o o e e e o e e e e e e e e e e e e
Tipairfoill chord, il . . . v« « v . o e e e e e e e e

Vertical tail:
Arem, 12 . . o . . e e e e e e e e e e e e e e e e e e s

Height, in. . . -« « o v o v o e e e e e e e e e e e e e
Quarter-chord sweep, deg . - . + « ¢ - o e s e s e e e e e e e e ns e e
Mean geometric chord, I . . . . . . . .o oo oo e e e
Body station of tail leading edge at root, in. . . . . . . .. oo e e e e
Root airfoil Chord, il .« =+ « « « v o o v e e e e e e e e e e e e e e e e e e e
Tip airfoil chord, in. . . .« « . . . . .o .o e e o e e
Pylon:
Area, ft2 . . . . . . ... ... oo T R
Span (nacelle centerline to nacelle centerline), in. . . . - . . ..o e e e
Dihedral,deg . . . . . . . . - . . . . e T L
Body station of pylon leading edge at root, in. . . . . . . . oo oo e e e e e e
CROT, IR, + « « « o v« o o e e e e e e e e e e e e e e e e e s
Propellers (single rotation):
Tipdiameter, I, . . . « < ¢ o v ¢ . e e e e e e e e e e e e e e s e
Maximum nacelle diameter, im. . . . . . . . . . . . o . 0 e o e e e o e e e e e e e
Body station at propeller disk, in. . . . . . . . . . oo 0o e e e

Weight, Ib .« o 0 o v o v e e o e e e e e e e e e
Moment of inertia:
Ix,slugft2 . L o oL oo e e e e
Ty slugft2 . . . o L L oo e
T T T T R
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Figure 1. System of axes.
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(a) Three-view sketch of model.

Figure 2. Geometric characteristics. Linear dimensions are given in inches.
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(b) Model trailing-edge flap. 65 = 35°.

/—Tip diameter = 17.5in.

(c) Sketch of propeller and nacelle.

Figure 2. Continued.
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(d) Propeller blade coordinates.

Figure 2. Continued.
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"i 2 |_— WS 15.94

Full-span Kruger flap

b
t«— 0.65 3

Outboard Kruger flap

5

b
r<—— 0.65

2

Outboard droop

-

(e) Planform view of wing leading-edge devices.

Figure 2. Continued.
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0.11c

|4_

Kruger flap bracket

Inboard Kruger flap, WS 15.94

ot

0.10c

Kriger flap bracket

Outboard Kruger flap, WS 54.43

Outboard droop, all wing stations

(f) Wing leading-edge devices.
Figure 2. Concluded.
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Trim

Stick Gain ggr?;?e'
limits
PITCH  a—{Ka|— —(Z )| e ces
o—— Ko ./
Trim
Stick Gain ggg;‘g
limits
ROLL 7’1—>aa,deg
p— Kp _/
Trim
Stick Gain ggr'}gg;
limits
YAW > >/||/ > 5, deg
r Ky —/

(b) Schematic of control system.

Figure 3. Continued.
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(c) Photograph of model during free-flight tests.
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(d) Photograph of model mounted for static tests.

Figure 3. Continued.
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(e) Sketch of model mounted for forced-oscillation tests in roll.
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(f) Sketch of model mounted for forced-oscillation tests in yaw.

Figure 3. Continued.
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(g) Photograph of model mounted for forced-oscillation tests in roll.
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(h) Photograph of model mounted for forced-oscillation tests in yaw.

Figure 3. Concluded.
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Figure 4. Longitudinal aerodynamic characteristics for complete baseline configuration. 6y = 35°; propellers

windmilling.
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Figure 5.

——— Propellers windmilling | —— Propellers windmilling

---- T¢ =0.08 ==-==-Te =02
B
4
— z
L1 L1 | IS I I | ,I L1 | | I [ 1 1.1 1 1
-8 -4 0 4 8121620242832 -8 -4 0 4 8 12 16 20 24 28 32
o, deg o, deg
Data from reference 3. Rz = 2.0 x 108. (b) Data from present test. Rz = 0.5 x 106,

Effect of power on longitudinal aerodynamic characteristics. Baseline configuration; §; = 35°.
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Figure 8. Effect of wing leading-edge devices on longitudinal aerodynamic characteristics. §; = 35°% T! =0.2.
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(b) Data from present test. Rz = 0.5 X 108.

Figure 10. Effect of thrust on static lateral-directional stability characteristics. Baseline configuration.
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(a) Data from reference 3. Rz = 2.0 x 105. (b) Data from present test. Rz = 0.5 x 105.

Figure 13. Variation of lateral-directional characteristics with angle of attack at 8 = 0°. Baseline configuration.
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Figure 14. Effect of power on roll-damping characteristics. Baseline configuration.
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Figure 15. Effect of thrust on yaw-damping characteristics. Baseline configuration.
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Figure 16. Effect of wing leading-edge devices on static lateral-directional stability characteristics.

37



1 b ) ol T b [ ; o I

'SSAUSATIIRPS I9PPNL UO §301ASD 93po-Burpes] Suim Jo 100gy LT amSig

'20= 7L (q) ‘0=7L (®)
Bap ‘0 Bop ‘0
ce ve 9t 8 0 8- ct ve 91 8 0 8-
_ T | | [ ] I 1 _ T [ _
-0 - Bep
..'/'" L
~—— Q
VN
— 500 9
— S000°-
—H0 Tmmv
__mN
— 5000° O
Jebruy) ueds-jng —--—
iabruy pieoging — - — — 0100
dooip pieOqinQg - - - - - — G100
ues|n
~ abpo Buipes| Buip
| — 0100~ | _Bap
j
_ w:o
— S000°-
-0

38



‘SSBUBATIVR UOIS[TE UO SIOTASD 93pa-3urped] Suim jo J095Y 81 am31q
‘20 =71 (Q) 0=1L (e

Bep ‘0 Bap ‘0

2 = ——

18bruy veds-ng  —--—
Jabniy pieoqinQ — - —
doolp pieOQINQ - - - - -
ues|)

abpo Buipes| Buipy

200"
Tmov
L00’- B
‘ mw/o
0
100"~
men
0 e
S
9
100’
00"~
€00~
200~ 1-0oP
,mwN
0
100"~

39



.01

-.01

-.02

.01

-.01

.02

-.02

Figure 19. Effect of wing leading-edge devices on lateral-directional characteristics at 8 = 0°. T! = 0.
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Figure 22. Effect of wing leading-edge devices on engine-out characteristics with left engine inoperative.

TC",R - 0.2.

42

i

!



‘uo1eIn3yuod
aurpeseq {(§) uorpenbs U0 peseq SUOIIR[NO[e]) "W mef no-aurdus-1jo| 10§ parmbal uoroagep eppny "¢g 2mI1g

0T X g0 = %1 1893 Juesaxd woly vyed (q) 90T X 0°7 = %Y "¢ 90ULISJAI WO} BYe(] (®)

Bap ‘0 Bep ‘0
Gl 0l S Gt o S 0

w oo/ua/
oS= 9
- ¢

— 01-
Ol 0§ = ﬂ s
/ bep
0

— O

/ A\_w
—s
/] oSh=¢
5 /|
gOLX50="Y 4 do
10} |1B1S
/|
/|
/] — S
el =2
g0k X 02 ="
10} ||e1S oz

43



25

20

15

10

Wing leading edge

Clean

______ Outboard droop

Stall for 5
Ré =0.5x10
5
S, 0
deg
-5
-10

-15

-20

-25

10 15

A

i

o, deg

Figure 24. Effect of wing leading-edge device on rudder deflection required for yaw trim with left engine
inoperative. Calculations based on equation (4).
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Figure 28. Dutch roll flying qualities. Requirements from reference 13.
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Figure 29. Spiral-mode flying qualities. Requirements from reference 13.
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Figure 30. Roll-mode flying qualities. Requirements from reference 13.
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